Objectives: Acute kidney injury is a relatively frequent complication of allogenic hematopoietic stem cell transplant, resulting in increased risk of morbidity and mortality. Early diagnosis and management of acute kidney injury is of great importance for prevention of poor outcomes in these transplant recipients. Materials and Methods: Fifty consecutive patients, hospitalized for allogenic hematopoietic stem cell transplant at the Bone Marrow Transplantation Unit of Gazi University Faculty of Medicine, were included in this prospective study. Serial measurements of serum creatinine and creatinine clearance were obtained before administration of conditioning regimen and at 0, 7, 14, 21, and 28 days after start of conditioning. Blood and urine samples were also obtained for the measurement of serum cystatin C and urine neutrophil gelatinase-associated lipocalin levels before conditioning and 24 hours before each serum creatinine measurement. Results: During the median 25 days of follow-up, acute kidney injury developed in 19 patients: 10 patients had stage 1, 7 had stage 2, and 2 had stage 3 acute kidney injury according to the Acute Kidney Injury Network classification. There were significant positive correlations between serum cystatin C levels and serum creatinine levels and negative correlations with creatinine clearance levels at each time point (P < .001), whereas no statistically significant associations were observed with urinary neutrophil gelatinase-associated lipocalin levels. Both univariate and multivariate Cox regression models showed a statistically significant association between serum cystatin C levels and development of acute kidney injury, whereas urine neutrophil gelatinase-associated lipocalin levels did not show any significant associations. Conclusions: Serum cystatin C levels might be a useful marker for early detection of acute kidney injury in adult allogenic hematopoietic stem cell transplant recipients. Close monitoring of kidney function by sensitive biomarkers might provide early recognition and timely management of acute kidney injury in high-risk patient populations.
Introduction
Hematopoietic stem cell transplantation (HSCT) has gained worldwide acceptance as a curative treatment modality for both malignant and benign hematologic and immunologic diseases. 1 However, complications limit the success of HSCT, particularly in allogeneic HSCT (AHSCT), which is related to greater incidences of transplant-related morbidity and mortality. 2 Acute kidney injury (AKI) is one of the most common complications associated with AHSCT, with an incidence of 21% to 73%, [3] [4] [5] [6] particularly within the first 100 days after transplant. 3 Recent reports have demonstrated that AKI after AHSCT is an important risk factor for the development of chronic kidney disease, with a strong impact on progression-free survival. [7] [8] [9] Thus, close monitoring and early recognition of kidney damage is crucial for the prevention of poor outcomes in this patient population.
In current clinical practice, AKI is typically diagnosed by measuring serum creatinine levels. However, serum creatinine responses to kidney damage are usually only shown within 48 hour after injury. 10 Serum creatinine is an untrustworthy marker during AKI, especially during the early stage after transplant, which has been termed as the "creatinine blinded period." The lack of a consensus on how to quantitatively diagnose AKI has restrained the ability to compare research reports in this field. Hence, the Acute Dialysis Quality Initiative group has created RIFLE criteria (Risk, Injury, Failure, Loss, End-Stage Renal Disease), and subsequently the Acute Kidney Injury Network (AKIN) has proposed 3 systems modified from RIFLE for standardization of AKI diagnosis. 11, 12 Although these staging systems provide homogenization of studies in the AKI field, new biomarkers are still needed for early prediction of AKI, as all of these staging systems are based on serum creatinine levels.
Several new biomarkers have been introduced for evaluating renal dysfunction. Cystatin C, a recent marker, is a low-molecular-weight protein, comp letely filtrated from the glomerular filtration barrier and almost completely reabsorbed from the proximal tubule. 13 This protein is not only a biomarker for glomerular filtration, but it also offers a good prediction for early renal injury in different settings. Although serum cystatin C levels have been previously determined as a useful tool for AHSCT patients who have increased risk of AKI, 14 limited data exist on its use in adult AHSCT recipients. Recent research studies have also shown that neutrophil gelatinase-associated lipocalin (NGAL), a 25-kDa molecular-weight protein, highly accumulates in blood, the renal cortical tubule, and urine, after ischemic and toxic injury of the kidney. Thus, it seems to be a sensitive, noninvasive biomarker for early detection of AKI. 15, 16 In the present study, we evaluated the incidence of AKI in our AHSCT patient group and investigated whether serum cystatin C and urine NGAL levels might be useful biomarkers for early detection of AKI after AHSCT in adult recipients.
Materials and Methods

Study population
Fifty consecutive patients undergoing AHSCT at the Bone Marrow Transplantation Unit of Gazi University Faculty of Medicine were prospectively enrolled in this study between December 2009 and June 2011. Patients younger than 18 years old, patients with preexisting chronic renal insufficiency, and patients with diabetes mellitus were excluded from the study. Information gathered from medical records included age, sex, underlying disorder, date of diagnosis, conditioning regimen, and disease status at trans plant. This study was approved by the Institutional Review Board of Gazi University Faculty of Medicine, and written informed consent was obtained from each patient before enrollment.
conditioning regimen
Myeloablative conditioning regimens consisted of cyclophosphamide + busulfan or total body irradiation + cyclophosphamide or total body irradiation + cyclophosphamide + thiotepa + melphalan. Nonmyeloablative regimens consisted of antithymocyte globulin + cyclophosphamide + fludarabine or fludarabine + melphalan or fludarabine + antithymocyte globulin + busulfan. All patients received cyclosporine and methotrexate for graftversus-host disease (GVHD) prophylaxis. Infection prophylaxis consisted of fluconazole, levofloxacin, trimethoprim/sulfamethoxazole, and acyclovir.
laboratory assessments
Hemoglobin levels, white blood cell count, platelet count, serum urea nitrogen, serum creatinine levels, and serum electrolyte levels, along with glomerular filtration rate, were monitored on day -7, on the day of infusion (day 0), and on days +7, +14, +21, and +28. Serum creatinine levels and glomerular filtration rate measurements were also obtained on days +6, +13, +20, and +27 post-AHSCT. Glomerular filtration rate was calculated by the Modified Diet in Renal Disease equation. 17 evaluation of acute kidney injury Study patients were followed for 30 days for acute kidney injury. Renal dysfunction was evaluated according to the AKIN staging criteria 12 (Table 1) . Increased serum creatinine ≥ 3 from baseline or 0.5 mg/dL increase in patient with serum creatinine > 4 mg/dL Acute kidney injury was evaluated using only glomerular filtration rate criteria, as urine output could not be determined for all patients.
Determination of blood cystatin c and urine neutrophil gelatinase-associated lipocalin levels Urine and blood samples were collected at day -7, infusion day (day 0), and on days +6, +13, +20, and +27. Samples were centrifuged at 3000g for 5 minutes, and the supernatants were stored at -80°C. Serum cystatin C (Biovendor Laboratorni Medicina, Brno, Czech Republic) and urine NGAL (Biovendor Laboratorni Medicina) levels were analyzed by commercially available enzyme-linked immunosorbent assay kits with sandwich monoclonal enzyme-linked immunosorbent assay procedures. All tests were performed according to the manufacturer's instructions. Sensitivities specified by the manufacturer are 0.02 ng/mL for NGAL levels and 0.25 ng/mL for serum cystatin C levels.
Statistical analyses
All values are expressed as means ± standard deviation or median with interquartile range (IQR) depending on their distribution. Nonparametric Friedman test was performed to compare the levels of serum creatinine, creatinine clearance, serum cystatin C, and urine NGAL levels for each measurement. The correlation coefficients between creatinine, creatinine clearance, cystatin C, and urine NGAL were evaluated using Spearman correlation analysis. The predictors of AKI were assessed in a timedependent manner by regression analysis. For multivariable analyses, general risk factors such as age, sex, and transplant type along with each renal function marker were adjusted to avoid overfitting in the regression model. Log-rank analyses were performed for comparisons between groups. Statistical significance was assessed at the 95% confidence interval. Analyses were performed using SPSS version 21 for Windows (SPSS, Chicago, IL, USA).
Results
Patient characteristics
Baseline characteristics of the 50 patients are shown in Table 2 . Median age was 29 years (IQR: 18, 62 y), with overall male predominance. Four patients underwent unrelated donor transplant. Thirty patients received myeloablative conditioning, and 20 patients received nonmyeloablative conditioning regimens. Five patients developed sinusoidal obstruction syndrome, 1 at day 7 and 4 at day 14 after transplant. Four patients developed hepatic GVHD, 6 patients developed gastrointestinal GVHD, and 7 patients developed skin GVHD during follow-up. Baseline laboratory characteristics of study patients are presented in Table 3 . 
changes in kidney function
Median follow-up was 25 days (IQR: 7, 30). We observed a significant increase in creatinine levels between each time point after transplant compared with the previous level. In addition, there was a significant and steady decrease in creatinine clearance levels at each time point (Figure 1 ). Nineteen patients (38%) developed AKI. Among these, 10 patients were classified as stage 1, 7 patients as stage 2, and 2 patients as stage 3 AKI according to the AKIN classification. The incidence of AKI was 55% in those who received myeloablative and 26.7% in those who received nonmyeloablative conditioning regimens. Baseline creatinine, creatinine clearance, proteinuria, age, sex, and cholesterol levels were similar in patients with and without AKI. Both AKI and non-AKI subgroups showed significantly increased creatinine levels during follow-up (P < .001 for each subgroup) ( Figure 2 ).
Serum cystatin c and urine neutrophil gelatinaseassociated lipocalin measurements
Serum cystatin C and urine NGAL levels were measured on day -7, on infusion day (day 0), and on days +6, +13, +20, and +27. Both the AKI and non-AKI subgroups showed significantly increased serum cystatin C levels, although with a more prominent rise in the AKI subgroup (P < .001 for the AKI and P = .001 for the non-AKI subgroup). Among the measured urine NGAL levels at each time point, the highest urine NGAL level was found on day +13 in both patients with and those without AKI (Table 4) . Serum cystatin C levels were significantly increased earlier than the significant elevation in serum creatinine levels shown among all study Abbreviations: AKI, acute kidney injury; Cys-C, cystatin C, NGAL, neutrophil gelatinase-associated lipocalin Results are displayed as median interquartile range or means ± standard deviation as indicated.
patients and also in subgroup analyses (Figure 3) . Although the incremental change in urine NGAL levels was earlier than the significant rise in serum creatinine levels, this decrease was significant and sustained at the same levels in all study patients and in subgroup analyses (Figure 3 ).
Serum cystatin C levels showed statistically significant positive correlations with serum creatinine levels and significant negative correlations with creatinine clearance levels at each time point. Although the correlation directions were similar with urine NGAL levels, these associations did not reach statistical significance. The Spearman correlation results among the variables are summarized in Figure 4 .
Predictors of acute kidney injury after allogeneic hematopoietic stem cell transplant
Both univariate and multivariable Cox regression analyses indicated that sinusoidal obstruction syndrome was the only significant clinical predictor for the development of AKI among several clinical factors (univariate analysis: odds ratio of 4.325; 95% confidence interval, 1.395, 13.404; P = .001; multivariable analysis adjusted by age, sex, and transplant type: odds ratio of 4.973; 95% confidence interval, 1.485, 16.648; P = .009) ( Table 5 ).
There were no statistically significant associations between the development of AKI and baseline serum creatinine levels and also as shown with baseline creatinine clearance regression analyses adjusted by age, sex, and transplant type (Table 6 ). Among all time point measurements, serum cystatin C levels over 0.9 mg/L at days 13, 20, and 27 post-AHSCT Abbreviations: NGAL, neutrophil gelatinase-associated lipocalin *P < .001; **P < .01. Abbreviations: CI, confidence interval; GVHD, graft-versus-host disease; SOS, sinusoidal obstruction syndrome were significant predictors of AKI in univariate regression analyses. These associations remained statistically significant even after adjustment by age, sex, and transplant type (Table 6 ). However, none of the NGAL measurements showed significant associations in regression models.
Discussion
Our study shows that AKI defined by AKIN criteria is a frequent complication of AHSCT, and serum cystatin C measurements allow the prediction of AKI in adult AHSCT patients earlier than measurements of changes in serum creatinine levels. However, urine NGAL levels did not show any significant association with the development of AKI. These data indicate that close monitoring of kidney function by serum cystatin C measurements might be a useful tool for early recognition and timely management of AKI after AHSCT. With the recognition of need for a uniform definition for AKI, RIFLE11 criteria and subsequently AKIN12 criteria have been proposed for the classification of AKI. The AKIN criteria were used for staging kidney injury in our present study, which showed that 38% of the patients developed AKI after AHSCT within the first 30 days. To the best of our knowledge, there are few studies in the literature that have evaluated the development of AKI by using AKIN criteria in adult AHSCT patients. A 5-year follow-up retrospective study reported that 53.6% of HSCT patients developed AKI by using AKIN criteria. 18 The same group also showed that AKIN criteria is the better diagnostic system for determining acute renal injury in this patient population. 19 The determined incidence of AKI in our study is slightly lower than shown in the previous studies, which might be explained by the different follow-up periods. Our study analyzed the first 30 days after AHSCT, whereas the previous studies used follow-ups of 100 days. 18, 20 However, it should be noted that the presence of AKI is more common within the first 2 to 3 weeks after AHSCT due to toxicities with the high-dose regimens, which can trigger the development of AKI in the early posttransplant period.
There are conflicting results in the literature regarding the laboratory predictors for the development of renal dysfunction after HSCT. Two previous studies have claimed that low baseline creatinine levels were found to be associated with development of AKI. 3, 4 Although this association was not completely explained, it has been concluded that loss of lean body mass due to the malignant process might be the cause of low pretransplant creatinine levels. In another study, baseline low creatinine clearance levels were found as a risk factor for AKI. 21 Here, we demonstrated that baseline higher serum creatinine levels were associated with 3.9-fold increased risk of AKI. An important point of our finding was the observed trend toward an increase in creatinine levels in the non-AKI subgroup with cystatin C levels showing a significant rise. One should conclude that there is a subclinical kidney injury in all AHSCT patients with a potential of progressing to advanced kidney failure with the addition of contributing factors in the long-term AHSCT settings. In addition, the use of serial serum creatinine readings alone would cause an underestimate or misrepresent the timing of AKI, thus stressing the need of other biomarkers such as cystatin C to identify even mild kidney damage. Also, regardless of the biomarker type used during follow-up, clinicians should be careful with fluid administration and drug management after transplant, even in patients who have no apparent clinical or laboratory signs of kidney injury. Almost all complications after AHSCT could lead to development of AKI in the early posttransplant period. Previous risk management studies have shown that GVHD, sinusoidal obstruction syndrome, and cyclosporine toxicity are the major important risk factors for renal injury in these patients. Our study did not show any relation between serum cyclosporine levels and AKI. However, administration of cyclosporine to all patients and keeping blood levels at a similar range are potential explanations for this finding. Consistent with previous studies, 4, 22 patients with acute GVHD in our study showed 1.2-fold increased risk for developing AKI, although this was not statistically significant. We also found that sinusoidal obstruction syndrome caused a 4.9-fold increased risk for development of AKI, similar with the previous literature. 23 It should also be noted that, besides the casual relation between sinusoidal obstruction syndrome and AKI, the degree of renal injury is the most important prognostic factor for survival in patients who developed sinusoidal obstruction syndrome. Thus, it is important to identify patients who are at risk of AKI, for both prevention of its development and also for early initiation of effective treatment to improve outcomes.
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We performed serial measurements of blood cystatin C weekly for the first 30 days to evaluate the performance of this test as an early kidney injury marker in the AHSCT setting. Cystatin C has been suggested to be a precise marker, even as a marker in mild renal dysfunction. 13 It has been demonstrated that cystatin C is more sensitive than serum creatinine for detection of renal dysfunction in renal and liver transplant patients. 24 Although cystatin C has been studied in those with liver and kidney transplants and in oncologic patients, few studies exist on its use in AHSCT patients. Hazar and associates showed that serum cystatin C is as sensitive as diethylenetriaminepentaacetic acidbased glomerular filtration rate measurement in pediatric HSCT patients. 25 In our study, we found strong correlations between serum cystatin C levels and routine clinical practice markers (serum creatinine and creatinine clearance measurements), which were measured 24 hours after cystatin C measurements. Similarly, Muto and associates 14 demonstrated a strong negative correlation between serum cystatin C and creatinine clearance levels (r = 0.682; P < .001). Furthermore, an earlier increase in serum cystatin C levels versus serum creatinine concentrations during the creatinine blinded period suggests that cystatin C has a higher sensitivity in identifying early kidney dysfunction, which may be missed by relying on serum creatinine concentrations alone. Although the baseline cystatin C levels could not predict development of AKI in our analysis, the significant risk prediction of serum cystatin C levels over 0.9 mg/L with other time points led us to conclude that sequential serum cystatin C measurements after AHSCT may be necessary for determining AKI during the creatinine blinded period.
To the best of our knowledge, this is the first prospective study that evaluated kidney injury by cystatin C and urine NGAL measurements concurrently. We found that serial measurements of NGAL levels showed an increased trend within the first 2 weeks after AHSCT in patients with and without AKI. Although there were positive correlations between urine NGAL levels and serum creatinine and negative correlations with creatinine clearances, none of these reached statistically significance. We were also unable to find significant associations in our regression model, in contrast to that conducted by Taghizadeh-Ghehi et al. 26 The relatively small sample size may have masked the possible value of urine NGAL levels in predicting AKI in our study. In addition, more frequent measurements of urine NGAL levels could be more effective for documenting renal function decline, since urine NGAL levels might change more rapidly due to the possible effects of various factors, such as direct drug toxicity, portal hypertension due to sinusoidal obstruction syndrome, renal hypoperfusion, and renal hemodynamic changes due to infections and sepsis after AHSCT.
Our study has several limitations, primarily the relatively small sample size and being a single center study. These limitations preclude us from drawing solid conclusions. A secondary limitation is the absent use of histopathology, which was due to the potential hemorrhagic risk with renal biopsy. Third, we limited our prospective design to the first 30 days, which may have led to an underestimate of the incidence of AKI. However, it should be mentioned that AKI usually occurs within the first 2 to 4 weeks after transplant. 27 Finally, we measured the biomarkers in a weekly manner, as more frequent follow-up of these markers would be worth the extra cost. On the other hand, the prospective nature and use of the AKIN classification system, a proven sensitive method for AKI diagnoses, are the strong parts of our present study. In addition, to our knowledge, this is the first study that used urine NGAL together with serum cystatin C measurements with traditional clinical markers in an adult AHSCT population.
In conclusion, our results indicate that serum cystatin C measurements could be a useful tool for the early detection of AKI. Further studies with larger sample sizes are required to determine the value of urine NGAL levels in predicting AKI in the AHSCT setting.
